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Binary Mixtures of Polycyclic Aromatic Hydrocarbons
Display Nonadditive Mixture Interactions in an In Vitro
Liver Cell Model

Stacey J. Gaskill' and Erica D. Bruce**

Polycyelic aromatic hydrocarbons (PAHs) have been labeled contaminants of concern due to
their carcinogenic potential, insufficient toxicological data, environmental ubiquity, and in-
consistencies in the composition of environmental mixtures. The Environmental Protection
Agency is reevaluating current methods for assessing the toxicity of PAHs, including the as-
sumption of toxic additivity in mixtures. This study was aimed at testing mixture interactions
through in vitro cell culture experimentation, and modeling the toxicity using quantitative
structure-activity relationships (QSAR). Clone-9 rat liver cells were used to analyze cellu-
lar proliferation, viability, and genotoxicity of 15 PAHs in single doses and binary mixtures.
Tests revealed that many mixtures have nonadditive toxicity, but display varying mixture ef-
fects depending on the mixture composition. Many mixtures displayed antagonism, similar to
other published studies. QSARs were then developed using the genetic function approxima-
tion algorithm to predict toxic activity both in single PAH congeners and in binary mixtures.
Effective concentrations inhibiting 50% of the cell populations were modeled, with R* = 0.90,
0.99, and 0.84, respectively. The QSAR mixture algorithms were then adjusted to account for
the observed mixture interactions as well as the mixture composition (ratios) to assess the
feasibility of QSARs for mixtures. Based on these results, toxic addition is improbable and
therefore environmental PAH mixtures are likely to see nonadditive responses when com-
plex interactions occur between components. Furthermore, QSAR may be a useful tool to
help bridge these data gaps surrounding the assessment of human health risks that are asso-
ciated with PAH exposures.

KEY WORDS: Binary mixtures; in vifre cell culture; mixture interactions; polycyclic aromatic hydro-
carhons {PAHSs); risk assessment

1. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are
common environmental pollutants that are produced
by natural and anthropogenic sources. Due to the
nature of their production, PAHs occur as complex
mixtures in environmental matrices. PAHs are
formed by incomplete combustion of organic mate-
rials and naturally occur in petrogenic mixtures.
The class of PAHs is composed of hundreds of
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parent and substituted congeners. Alkylated and
methylated congeners, for example, are common
substituted PAHs that are formed in the same way
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Fig. 1. Common parent and methylated PAH congeners. ()

that parent congeners are formed.” See Fig. 1 for
examples of common parent and methylated PAHSs.
Alkylated PAHs constitute a significant portion of
some environmental mixtures, with some petrogenic
mixtures containing more than 50% of the PAH
fraction.®’

Because PAHs are ubiquitous in the environ-
ment, humans are exposed to PAHs on a daily basis
in food, air, dust, soil, and water.(®’ Less than 20 par-
ent PAH congeners are regularly monitored and an-
alyzed by state and federal agencies.” Seven of these
regularly monitored PAHs are classified as probable
human carcinogens (termed cPAHs). The Interna-
tional Agency for Research on Cancer (IARC) has a
widely used classification system that categorizes the
carcinogenic potential of chemicals, although many
PAHs are not yet classified because of a lack of avail-
able data.®” Group 1 chemicals are carcinogenic to
humans; Group 2A chemicals are probably carcino-
genic; Group 2B chemicals are possibly carcinogenic;
Group 3 chemicals are not yet classified. And finally,
Group 4 chemicals are probably not carcinogenic to

humans.®” ¢PAHs serve as markers for estimating
risks associated with human exposures.(”” The Envi-
ronmental Protection Agency (EPA) has categorized
two different methodologies for characterizing risks:
a mixture-based approach, and a component-
based approach. Mixture-based approaches utilize
toxicologically characterized mixtures (diesel emis-
sions, tobacco smoke, coke oven emissions, etc.) to
estimate the relative toxicity of an environmental
mixture.’!). The component-based approach assigns
relative potency factors (RPFs) to the seven cPAHs,
using benzo[a]pyrene (BaP) as the index chemical
with a factor of 1. RPFs are being developed for
many other PAHs to include in risk assessments.®
The RPF approach makes two key assumptions: (1)
PAHs in mixtures act via the same mode of action
and (2) that mixture interactions do not occur and
therefore toxicity is additive.®’ The RPF approach
has two important weaknesses; the lack of incorpo-
ration of unanalyzed components in a PAH mixture,
such as alkylated PAHs, and the assumption that
mixture interactions are not occurring.(*
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Table E. Vasious Physical and Chemical Properties of Selected PAHs(®

Chemical Abbreviations Rings Molar Mass {g/mol) TARC Cancer Group LogKow
Acenaphthylene Acy 3 152.2 4.07
Anthracene Ac 3 178.2 3 4.50
Benz{alanthracene BaA 4 2283 28 5.91
Benzolalpyrene BaP 5 2523 i 6.06
Benzolbjfluoranthene BbF 5 252.3 2B 5.78
Benzolelpyrene BeP 5 252.3 3 6.44
Benzolkjfluoranthene BEF 5 252.3 2B 611
Chrysene Ch 4 228.3 2B 5.86
Flooranthene Fla 4 202.2 3 4.90
Phenanthrene Fhe 3 178.2 3 4.52
Pvrene Pyr 4 2022 3 4.88
3,6-Dimethyl-phenanthrene 3.6-Phe 3 206.3 5.44
7.12-Dimethyl-benz{alanthracene 7,12-BaA 4 2563 5.80
9-Methylanthracene 9-Ac 3 192.3 507
9,10-Dimethylanthracene 9,13-Ac 3 2063 513

The majority of PAHs lack toxicological data,
making risk assessment difficult and potentially less
accurate.!'” Other studies have been conducted to
assess potential mixture interactions in simple and
complex PAH mixtures, with the majority assessing
genotoxicity.1¥ The only trend that has yet to be
established is that PAH interactions appear erratic,
with clear impacts on toxicity and genotoxicity of
test organisms that do not equal the sum of the
congeners.'V Evidence suggests that the chosen test
system is an influential factor in the toxicological
response, and it is difficult to compare and draw
relationships across various studies utilizing different
test systems. 410

Kang et al tested environmental PAH mix-
tures extracted from indoor dust collected from
schools, shopping malls, offices, factories, and
manufacturing plants.®*” The study found that cy-
totoxicity was influenced by dose, mixture composi-
tion, and source.*” Jarvis et al. performed an in vitro
cell culture study comparing the DNA damage of a
PAH mixture extracted from soil samples to a soli-
tary BaP solution.('®) BaP-exposed cells were able to
recover from and repair DNA damage; however, the
cells exposed to the PAH mixtures showed signifi-
cantly more DNA damage and decreased ability to
recover and repair themselves.('® A different study
observed antagonism: BaP and dibenzo[a,l]pyrene
displayed significantly higher levels of adduct for-
mation in breast cancer MCF-7 cells than in trials
where they were cotreated with a standard reference
coal tar mixture, indicating antagonistic interactions
within the complex mixture.('”

These studies have highlighted several data
gaps in PAH research, including the toxic poten-
tial of single PAHs, mixture interactions, and the
variability of environmental mixtures. Relatively
little research has been conducted on complex
mixtures, simple PAH mixtures, or even many single
PAHSs. Because such research is costly and slow,
alternative toxicology tools can be useful for chem-
icals such as PAHs. Quantitative structure-activity
relationships (QSAR) modeling can help predict the
toxicological or physical action of chemicals that lack
data. OSARs can utilize molecular properties (called
descriptors) of PAHs to predict various biological ac-
tivity like toxic action.®>%®) QSAR modeling is an im-
portant step for understanding new chemicals, and is
often used during the chemical screening process. !

The premise of this study is to test interactions
that may occur between PAHs in simple mixtures.
This study investigates these relationships by per-
forming in vitre toxicological analyses with 15
selected parent and methylated PAHs (see Table 1)
in single concentrations and in various combinations
of binary mixtures. Mixture analyses will be per-
formed to ascertain the type of mixture interaclions
(additive, antagonistic, synergistic) that are present.
Finally, various QSAR models will be developed to
evaluate the potential ability of QSARSs to predict
the toxicological action of PAHs, both in single
concentrations and in mixtures. These technigues
will help risk assessors to better characterize the
interactions in mixtures of PAHs and thus make
more accurate predictions of human health risk from
exposures.
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2. METHODS

2.1. Materials

Normal rat liver Clone-9 cells were obtained
from the American Type Culture Collection (ATCC)
(Manassas, VA, USA) CRL 1439 passage 17, for
in vitro cell culture. Nutrient HAMs F-12 mixture,
serum-free Dulbecco’s Modified Eagle Medium
F-12, Dulbecco’s phosphate buffer saline (PBS),
HEPES, penicillin-streptomycin hybri-max, sodium
bicarbonate, and dimethyl sulfoxide (DMSO) were
obtained from Sigma-Aldrich (St. Louis, MO, USA).
Trypsin-EDTA solution was obtained from Atlanta
Biologicals (Lawrenceville, GA, USA). Fetal bovine
serum (FBS) was obtained from Equitech-Bio
(Kerrville, TX, USA).

Acenaphthylene, anthracene, benz[a]anthra-
cene, benzo[a]pyrene, benzo[bJfluoranthene, benzo-
[e]pyrene, benzo[k]fluoranthene, chrysene, fluor
anthene, phenanthrene, pyrene, 9-methylanthra-
cene, 3,6-dimethylphenanthrene, 7,12-dimethylbenz
[a]anthracene (DMBA), and 9,10-dimethyl-
anthracene analytical standards (purity > 97%)
were  purchased from  AccuStandard (New
Haven, CT, USA). Janus Green B (JG) dye, 5-
carboxyfluorescein diacetate acetoxymethyl ester
(CFDA), acridine orange (AQO) base, and 4°,6-
diamidino-2-phenylindole dihydrochloride (DAPI)
were obtained from Sigma-Aldrich.

2.2. Methods
2.2.1. Cell Culture

Cells were maintained in Nutrient HAMs F-12
mixture, with 10% FBS, 1% penicillin-streptomycin
solution, and 1420 M HEPES buffering agent. Cells
were cultured in an incubator at 37 °C in 5%
CO; and 90% humidity. The cells were grown to
confluence in culture-treated sterile 75 cm’ flasks.
Once confluent, the cells were rinsed with PBS, de-
tached with 0.25% trypsin and 0.53 mM EDTA so-
lution, centrifuged, and counted using a Beckman
Coulter particle counter. The cells were resuspended
in media and then reseeded in transparent 96 mul-
tiwell plates or black 96 multiwell plates at approx-
imately 5,000 cells/well. For the micronucleus (MN)
assay, cells were reseeded in 6 or 12 multiwell plates
at approximately 100,000 cells/well and 50,000 cells/
well. The cells were allotted 24 hours to adhere to
the plates and reach 50% confluence before dosing.
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2.2.2. Chemical Dosing

All 15 PAHs were dissolved in DMSO in ster-
ilized amber vials. Trials were completed within 10
cell passages of being received from ATCC. Sin-
gle PAH dosing trials were randomized across the
plates, with a control, vehicle control, and PAH doses
ranging from 0.25 parts per million (ppm) to 10 ppm
dissolved in 0.5% DMSQO. For the binary mixtures,
BaP, together with one of the other 14 PAHs, were
dissolved in 0.5% DMSO in the media. Binary mix-
tures were divided into two separate trials: binary
and reverse binary mixtures. In binary mixtures, BaP
was held constant at 1 ppm and the concentration of
the other PAH varied (0.25-10 ppm). In reversed bi-
nary mixtures, BaP concentrations varied (1-10 ppm)
and the other PAH remained constant at 1 ppm.

2.2.3. Cytotoxicity

Following chemical exposures, cytotoxicity was
assessed by examining cellular proliferation and
viability. JG dye was used to assess cellular
proliferation.*” CFDA was used to assess viability.
After 24-hour chemical exposures, assays were per-
formed. The cell media was aspirated from all wells,
followed by two gentle rinses of PBS. JG prolifera-
tion and viability assays were performed simultane-
ously in clear 96 well plates. For proliferation, the
wells were fixed in ethanol for 90 seconds. JG dye
was made up in 1 mg/mL PBS solution and then all
wells were dyed for 60 seconds. The wells were rinsed
twice more in PBS and then aspirated to completely
remove all liquid. Wells were resuspended in 100 uL
of ethanol and 100 L of nanopurified water and then
the plates were quantified using a BioTek microplate
spectrophotometer at 590 nm.

To perform CFDA assay, first all cell media was
aspirated and every well was rinsed twice with warm
PBS++. CFDA was dissolved in DMSO, and then
added to warm, serum-free media, making up a fi-
nal concentration of 4 M on the cells. The plate was
then incubated for 30 minutes to allow the CFDA to
permeate the cells. The cells were then rinsed twice
and resuspended with warm serum-free Dulbecco’s
Modified Eagle Medium media. The plates were
immediately quantified using a Fluoroskan Ascent
microplate fluorometer, with emission/excitation at
485/538 nm.

2.2.4. Genotoxicity

The MN test was chosen for the evaluation
of carcinogenic potency. The MN test measures
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Fig. 2. Cells were imaged at 20x magnification using DAPI fiuo-
rescence.

genotoxicity by detecting micronuclei in cells during
or after mitotic division. Micronuclei are inappro-
priate pieces of DNA that have failed to migrate
properly during cell division and signify genetic dam-
age. Two probes were used: the DAPI DNA probe,
and AO RNA/DNA probe to illuminate nuclei,
micronuclei, cytoplasmic material, and apoptotic
bodies for scoring.

Protocol and scoring for the MN test were
adapted from Fenech et al. % All trials were per-
formed at cell passage 24. Before chemical dosing,
the cells were submerged in serum-free warm me-
dia for two hours. Serum starvation synchronizes the
cell cycles of the population to maximize scoring.
The cells were then dosed in regular HAMs F12 me-
dia with chemical and given 24 hours to complete at
least one cell division. Trials include control groups,
solvent control groups, two single chemical groups
(1 ppm and 10 ppm), and various combinations of bi-
nary mixtures. Chrysene was tested at 0.25 ppm and
1 ppm to achieve solution.

The DAPI probe was prepared at 300 nM in
warm PBS stock solution. AO was dissolved in 0.1
M citric acid and then 0.2 M Na,HPO, was added to
make up the AQO stain solution. The wells were rinsed
and incubated with AO stain solution for 30 minutes.
The wells were rinsed and fixed with ethanol. The
plates were then incubated with the DAPI dye so-
Iution for five minutes. Plates were scored using fluo-
rescence microscopy at 20x magnification (Fig. 2).

Nuclear fragments were scored as micronuclei
if they were less than one-third the diameter of
the main nuclei (Fig. 3). Abnormal, apoptotic, and
necrotic cells were excluded from the MN statisti-
cal analyses, but were observed only to quantify cell
death within the chemical doses (Fig. 4).

2.2.5. Statistical Analyses

All statistical analyses were performed using Mi-
crosoft Excel and Sigmaplot 11.0 software from Sys-
tat. A Student’s t-test was used for cytotoxicity data.
The assigned alpha value was 0.05 to determine sta-
tistical significance of p values.

MN count data were converted into proportions
of micronucleated cells per 1,000 cells in each sam-
ple, as described by Matsushima et al. and Fenech
et al % The Mann-Whitney rank test was cho-
sen because the data are not normally distributed
and it has been used effectively in other published
work with micronuclei tests.*** Dosing groups
were compared to their own control group per plate,
and MN frequencies varied from plate to plate. If
there was a p value <0.05, the dosing group was as-
signed a positive result for causing significant geno-
toxicity. It should be noted that if a p value was
less than 0.05 but skewed left, it was automatically
assigned a negative result because genotoxicity is not
present.

2.2.6. Mixture Analyses

The EPA’s 1986 guidelines for the assessment
of chemical mixtures contain models for analyzing
the interactions of chemicals within simple mixtures,
originally developed by Finney in 1942, and used
to analyze interactions in each chemical ratio.*®
The model determines if a mixture’s dose-response
relationship displays a synergistic, antagonistic, or
additive chemical interaction when the mixture is
compared to the dose-response information of the in-
dividual components.*” The interactions were also
analyzed using a common dose-additive comparison.

2.2.7. OSAR Modeling

Discovery Studio 4.0 (Accelrys) was used to
develop QSAR models. The chosen biological end
point was the effective chemical concentration
that reduced the percentage of viable cells by 50%
(ECsg), which was approximated using linear re-
gression of the CFDA data. The genetic function
approximation algorithm was used to determine
the best predictive model for PAHs” ECs,. Three
major parameters were used (o analyze the model’s
accuracy: correlation coefficient (R?), adjusted corre-
lation coefficient (R%(adj)), and lack of fit (LOF). R®
is a percentage that describes how well the predicted
values represent the experimental data. R* (adj)
uses the same basic premise, except it is a smoothed
number that may exclude data points that are highly
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Fig. 3. A 20x magnified K-9 cell is shown with two different contrasts. (A} Ouly DAPT is shown where MN are identified. (B) AO is used

to illuminate cell boundaries.

Fig. 4. Examples of cells that do not meet scoring criteria. Many of these cells are undergoing cell death becanse their DNA was seen

outside their nuclei and lacked clear membrane boundaries.

skewed. LOF measures the probability of accurately
predicting the ECsq of doses and thus the higher
the probability, the more accurate the model. Three
models were developed, each employing the ECs; of
single PAHs, binary mixtures, and the reverse binary
mixtures.!'*) For each model, a training set of PAHs
(using ECs data points) is used and then the model
is tested and validated using the remaining data
points. In the single trials, three PAH ECss were
selected for training the model, and the remaining
12 comprised the test set. In mixtures, there are only
11 remaining data points in the test set. After the
most accurate models are selected, the algorithms
for the mixtures are modified to incorporate the
component ratios within the mixture, as adapted
from Altenburger et al."'¥

3. RESULTS

3.1. Cytotoxicity
3.1.1. Proliferation

Fig. 5 displays the cytotoxicity results for all
chemicals. Anthracene, benzo[e]pyrene, benzo[k]
fluoranthene, and chrysene showed no statistical

difference from control groups in single trials.
However, binary trials of these chemicals showed
different trends. The statistical differences observed
in anthracene trials were increases seen in three
doses of the reverse binary trial. The statistically
significant response seen in benzole]pyrene mixtures
occurred in the reverse binary trial’s two highest
doses. All benzo[k]fluoranthene mixture data had no
trending effect on the proliferation of the cells. The
chrysene binary trial showed a statistical decline in
the highest dose while the reverse binary trial showed
an increase in proliferation in the two highest doses.

Acenaphthylene, benz[a]anthracene, fluoran-
thene, and 9-methylanthracene all displayed a
statistical decline in single trials in one or two doses
(Fig. 5). Acenaphthylene mixtures did not see any
statistical decline but several doses showed statistical
increases. The mixture data of benz[a]anthracene
showed no evidence of a decline in proliferative ca-
pability of cells. Statistical increases in proliferation
were observed in two doses of the benz[a]anthracene
mixture data. In fluoranthene mixtures, no decline
in proliferative capability was observed. The bi-
nary trial showed an increase in the highest dose,
and the reverse binary trial showed a statistical
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Fig. 5. The cytotoxicity results of 15 single PASs in single coneceuntrations and various binary mixture ratios. The results are displayed as
percentages relative to control groups. Dedlining trends correspond with an observable dechine both for proliferation and viability of cells.

increase in the two highest doses. In mixture trials
of 9-methylanthracene, the only significant statistical
difference was a decline in the highest doses.

Some single PAHs caused a statistical decline
in proliferation in at least three doses, and include
benzo[b]-fluoranthene, DMBA,  3,6-dimethyl-
phenanthrene, and 9,10-dimethyl-anthracene. The
benzo[b]fluoranthene binary trial showed a severe
response, with all four doses significantly impairing
the growth of cells. The BbF reverse binary trial did
not cause a decline, but the cell populations in two
subsequent doses were significantly higher than the
control groups. DMBA binary trial did not have any

dosing groups that were statistically different from
the control. In the 7,12-BaA reverse binary trial,
the three highest doses showed statistical decline.
3,6-Dimethylphenanthrene trials showed a less
severe response, with declines in the two highest
doses in binary. The reverse binary trial showed
no decline in proliferation. Both binary trials of
9,10-dimethylanthracene displayed a diminished
effect on proliferation, with significance only in the
highest dose in the first trial. Phenanthrene and
pyrene caused significant increases in proliferation
of cells exposed to single concentrations. Similarly,
all phenanthrene mixtures caused an increase in
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proliferation in the majority of doses. Pyrene mix-
tures trials showed no decline in proliferation but
one dose showed significant increase. Table Il is a
summary chart of the findings and organizes the re-
sults using the statistical significance to see trending
effects.

3.1.2. Viability

Single trials of acenaphthylene, anthracene,
benzo[blfluoranthene, benzole]pyrene, fluoran-
thene, pyrene, and 9-methylanthracene displayed
statistical declines in one or two doses (Fig. 5).
Acenaphthylene binary data showed a statistical
decline in three dosing groups, and reverse binary
in two dosing groups. The anthracene binary data
reveal that the cells appeared as viable as the con-
trol cells in all doses except for the 10 ppm dose.
Reverse binary data showed a dose-dependent
statistical decline in viability in the three highest
doses. Benzo[b]fluoranthene in the binary trial did
not inhibit the viability of cells in any dosing groups.
When the concentration of BaP varied, however,
there was a statistically significant response, with
viability inhibited in the three highest doses of BbF.
In both binary mixtures of benzo[e]pyrene, the three
highest doses were statistically less viable than the
control groups. The fluoranthene binary trial caused
a statistical decline in the three highest doses, and
the reverse binary trial in the two highest doses.
Pyrene binary trials showed statistical declines in
the two highest doses of the reverse trial. In both
binary trials of 9-methylanthracene, the three high-
est doses were statistically lower than the control
groups.

Benz[a]anthracene, benzo[k]fluoranthene, chry-
sene, DMBA, and 3.6-dimethylphenanthrene
showed statistical declines in three or four dosing
groups. Both the binary and reverse binary of
benz[a]anthracene trials showed decline in the three

Gaskill and Bruce
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highest doses. Benzo|k]fluoranthene binary mixtures
caused a statistical decline in viability in three doses,
and the reverse binary trial showed the two highest
doses significantly lower than control groups. Both
chrysene trials showed a decline in the three highest
doses. In DMBA mixtures, all doses had signifi-
cantly fewer viable cells than their control groups.
3,6-Dimethylphenanthrene showed a similar trend,
where the mixtures showed a significant statistical
decline in the three highest doses.

The single trial of 9,10-dimethylanthracene did
not display a dose-dependent relationship. Dosing
groups showed a statistical increase in prolifera-
tion, followed by a sharp statistical decline and
rapid death in the highest dose. The binary trial
showed a statistical increase in the two highest doses.
The reverse binary ftrials, however, displayed a
dose-dependent relationship with a significant sta-
tistical decline in the three highest doses. Table III
shows the trending results for the viability trials and
is organized based on statistical significance.

3.2. Genotoxicity

The results for the MN assay are displayed in
Table IV. The table shows the average micronuclei
frequency per 1,000 cells in the sample population
at all doses. The data are organized by the sin-
gle concentrations tested, and the various binary
mixtures of 14 PAHs with BaP. If a p value was
<(.05, the dosing group was assigned a positive
result and the chemical or mixture is interpreted as
causing significant genotoxicity when compared to
the control group. Negative results were assigned
when the frequencies of the doses were insignificant
to the control groups and if the MN frequency was
skewed left. Overall, the genotoxicity trials were
in agreement with other similar studies.***® For
example, cPAHs were found to be genotoxic, in
agreement with available genotoxicity data.

ED_006137A_00019919-00010
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Table Bl Summary of the Cellnlar Proliferation of 14 Different
PAHSs in Binary Mixtures with BaP

Table i, Summary of the Viability Results for 14 PAHs in
Binary Mixtures with BaP

MNo Diecline 1-2 Dechine 34

Mo Decline 1-2  Decline 3-4

Trial Tncrease Change Doses Doses Trial Increase Chauge Doses Doses
BaP Single W BaP Single 4
Acy Single N Acy Single v
Binary N N Binary i
RB i i RB N
Ac Single i As Single N N
Binary 4 Binary v
RB J J RB v
BaA Single v BaA Single V4
Binary v v Binary V4
R.B J J RB J
BbI Single v BbE Single ' i
Binary W Binary o
RB J J RB J
BeP Single V4 Be?P Single v
Binary N Binary i
RB J RB i
BkF Single i Bk¥ Single N
Binary i Binary N
RB v R.B v
Ch Single N4 Ch Single v
Binary v Binary V4
REB J J RB V
Fla Single v Fla Single o
Binary v v Binary o
RB Vi Vi RB J
Phe Single W Phe Single 4
Binary N N Binary i
RB J J RB J
Pyr Single i Pyr Single N
Binary i Binary N
RB J J RB v
712-BaA Single N4 7,12-BaA  Single v
Binary v Binary V4
REB J RB V
36-Phe  Single v 36-Phe  Single i
Binary v Binary o
RB J RB J
9-Ac Single W 9-Ac Single 4
Binary N Binary v
RB v RB J
9,10-Ac Single N 9,10-Ac  Single N N
Binary i Binary N
RB J RB v

R.B = Reverse binary.

3.3. Analyses of Mixture Interactions

Mixture analysis is most reliable with binary
mixtures that vary in chemical concentrations,
and where one of the components has a well-
characterized response. The viability data were used
to assess possible chemical interactions occurring be-
tween the PAHs in the binary mixtures using probit

R.B = Reverse Binary.

analysis. The viability data are normally distributed
and have no anomalies among the doses, making for
a homogenous mixture analysis. The genotoxicity
was also used to analyze mixture interactions that
may affect the frequency of MN. The frequencies of
single PAHs were used to derive the expected ad-
ditive response, and then compared to the observed
response. Table V is a summary of the observed
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Table EY. The Results of the MN Assay in Single PAH Concentrations and Various Combinations of Binary Mixtures

Dose MMN Freg/ Cells Dying Abnormal Result
Chemical (BabP:PAH) 1.000 Cells Scored Cells (%) Muclei (%) (Positive/Negative)
Average control 0.01303 7,739 0.28 0.62
Solvent control 0.01313 4,809 .93 G.18 Negative
BalP only 1ppm 0.02191 1,278 .47 023 Positive
10 ppm 0.01828 1,148 G.17 026 Positive
Acy 1ppm G.01873 995 1.18 0.69 Megative
10 ppm 0.04020 776 177 0.38 Positive
1:1 0.00462 1,733 0.84 1.80 Negative
1:10 0.006935 1,870 0.68 1.26 Negative
10:1 0.00851 1,997 0.15 0.10 Negative
Ac 1ppm 0.04103 819 0.24 0.73 Positive
10 ppm 0.05054 689 1.54 210 Positive
11 0.01359 1,840 (.00 (.49 Positive
110 0.00627 1,754 011 0.23 Megative
104 0.01151 956 0.62 0.62 MNegative
BaA 1ppm 0.02386 936 G.42 2.08 Positive
10 ppm C.03704 880 0.60 1.88 Positive
11 0.03166 1.611 0.74 0.55 Positive
110 0.03972 1,435 123 0.82 Positive
1001 0.00644 1,707 0.18 0.23 Negative
BbF 1 ppm 0.07078 1,048 0.75 .94 Positive
10 ppm .20588 669 3.01 5.47 Positive
11 0.03777 1,509 5.67 0.25 Positive
1:10 0.08933 1,052 4.16 4.76 Positive
10:1 0.01752 1,884 0.37 0,16 Positive
BelP 1ppm 0.01691 946 1.94 1.63 Megative
10 ppm 0.02389 921 1.60 0.21 MNegative
1:1 0.01050 1,904 0.05 0.31 Positive
110 0.00813 1.107 0.00 0.00 MNegative
161 0.00787 1.907 0.11 0.11 MNegative
BkF 1ppm 0.01869 963 0.00 0.93 Negative
10 ppm 0.02036 786 0.75 0.88 Negative
11 0.00853 1,290 0.23 0.69 Negative
1:10 0.01289 1,241 0.08 0.72 Negative
101 0.01457 961 0.21 0.23 Negative
Ch 0.25 ppm 0.01278 2,034 0.20 0.39 Positive
1ppm 0.01126 2,043 0.05 0.15 Positive
10025 0.01680 1,257 0.32 .47 Negative
11 0.00820 1,707 0.23 0.93 Megative
10:1 0.00796 1,758 0.00 0.45 MNegative
Tla 1ppm 0.01419 916 G622 0.11 MNegative
10 ppm G.02605 499 C.00 G40 Negative
1:1 0.02407 1.370 0.93 0.65 Positive
110 0.03813 813 0.60 121 Negative
1001 0.00438 914 0.11 0.61 Negative
Phe 1 ppm 0.02326 903 0.65 1.20 Negative
10 ppm 0.02827 672 05.00 (.89 Negative
11 0.02533 1,223 1.20 1.12 Positive
1:10 0.01276 1,019 0.39 0.87 Negative
10:1 (0.01312 1,143 (.09 0.69 Negative
Pyr 1ppm 0.01476 1,016 (.58 0.87 Negative
10 ppm 0.01084 830 1.74 1.74 MNegative
1:1 0.01344 1,410 0.07 0.07 Positive
110 0.01168 1.027 0.00 0.48 MNegative
161 0.01275 941 0.00 2.18 MNegative
7,12-BaA 1ppm 870 1.24 0.79 Positive
10 ppm 852 0.35 0.32 Positive

{(Continued)
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Table IV, Continued

Dose MN Freqg/ Cells Dying Abnormal Result
Cherical (BaP:PAH) 1,000 Cells Scored Cells {%) Muclei (%) {Positive/Negative)
11 0.01799 1,056 0.99 24,01 Negative
1:10 0.01629 921 0.37 31.96 Negative
101 0.02483 886 1.45 0.00 Positive
3,6-Phe ippm 0.02886 1,490 0.20 0.53 Positive
10 ppm 0.02722 1,580 031 0.57 Positive
1:1 0.00383 1,304 0.14 39.49 Positive
1:10 0.00000 1,163 No result 49.30 None
101 0.01736 1,037 0.48 0.67 Positive
3-Ac 1 ppm 0.01232 1,055 1.20 1.39 Negative
10 ppm 0.01462 1,070 0.37 0.92 Negative
11 0.02182 1,283 0.23 0.16 Positive
1:10 0.03383 1,212 0.49 0.33 Positive
11 0.01729 1,157 0.60 0.17 Positive
9,10-Ac 1ppm 0.01704 1,643 .24 0.78 Positive
16 ppm 0.02270 281 (.99 1.98 Positive
1:1 0.01794 2,341 0.04 0.64 Positive
1:10 0.03133 1,532 0.26 0.65 Positive

Table ¥. Summary of Mixture Interactions for All PAH Analytes

Chemical Viability Genotoxicity
Acenaphthylene ALS A
Anthracene A A
Benzlalanthracene Ad, A Ad, A
Benzolbjfluoranthene ALS A
Benzolelpyrene A A
Benzolkjfluoranthene ALS A
Chrysene ALS A
Fluoranthene A Ad, A
Phenanthrene AL S Ad, A
Pyrene A Ad, A
7,12-Dimethyl-benz{alanthracene A A
3.6-Dimethyl-phenanthrene Ad A A
9-Methylanthracene Ad, S Ad A
9,10-Dimethyl-anthracene ALS A

Ad = addition; A = antagonism: S = synergism.

mixture interactions for both cell viability and geno-
toxicity to compare the effects seen in each assay.
Mixture analyses revealed that complex interactions
occur across chemical ratios and that mixture compo-
sition is a determining factor of interaction type. Ad-
ditive toxicity was observed in very few trials, with
nonadditive responses constituting the majority of
interactions.

3.4. Quantitative Structure-Activity Relationships

QSAR can be a useful tool as a form of al-
ternative toxicology. Because many PAHs lack

toxicological data, the following models were de-
veloped to assess the potential efficacy of QSAR
to predict toxic activity of the lesser well-known
PAH congeners, such as the methylated PAHs.
A maximum of four descriptors per model were
assigned to avoid overfitting the data. Figs. 6-8
display the best models developed by the software’s
genetic function approximation (GFA) algorithm.
The figures illustrate how closely the test data points
are aligned to the developed model.

Tables VI and VII show how the equations can
be modified to incorporate the component fractions
from their ECs; values. These modified equations
can utilize the descriptor values of each component
in a mixture to predict the toxic activity for that spe-
cific mixture. These equations are different from the
single PAH model because they are incorporating
the nonadditive mixture interactions that were ob-
served during toxicity experiments (Table V). The al-
gorithms incorporate the single, binary, and reversed
binary data, while also accounting for the observed
mixture interactions that one would expect with spe-
cific chemical ratios.

Fig. 6 shows the algorithm and the regression of
the best OQSAR model to predict the ECsy of single
PAHSs. The model found the extended connectivity
fingerprints (ECFPs), molecular weight, and the
logKow to be significant factors for predicting the
ECs of these 15 PAHs. ECFPs are a very diverse
set of topological descriptors that can describe
an infinite array of molecular substructures and
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Fig. 6. A OSAR model predicts the EC

50 of single PAH congeners. Along the x-axis are the experimental loghCsy values, and along the

v-axis are the predicted logBECsg values. R? = correlation coefficients; Friedman LOF = lack of fit.
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Fig, 7. The OSAR hinary model displays the relationship of the experimental logHCsy values (x-axis} to the predicted logBECsg values

generated by the model {y-axis).

connectivity between atoms of a chemical, such
as the bay and fjord regions. The models’ values
are derived from the stereochemical arrangement
of atoms within a chemical structure. Fig. 6 is the
model for single dose-response data and is an
acceptable predictive model of ECsy based on the

large correlation coefficients and the LOF values
of 0.164.

Figs. 7 and 8 display the models predicting the
ECso of binary mixtures where the components
are known. Bonding information content (BIC)
is an index describing the number of bonds and

ED_006137A_00019919-00014



Mixtures of PAHs Display Nonadditive Mixture Interactions

Aotivity = 1
EOFD xiended-Comectivity |
¢

s e DR + T

el

15

209 - (B8O BOFPY + (047 - ECYP;) + {08487 - 85
"y gerprints
Subseraph Courd Index, thind andey

B 0,836
B{adi) = 0.765
Friedman LOF = 3,86390)

fogg BB

Fig. 8. The QSAR reverse binary model displays the relationship of the experimental logBECs, values (x-axis) to the predicted logBECsy

values generated by the model (y-axis).

types of bonds in a chemical. The complementary
information content (CIC) is a similar descriptor that
relates molecular bonding to the atom makeup of a
chemical. The Chi descriptor is another topological
descriptor that interprets the angles of atom con-
nectivity within the molecular graph of a chemical.
Finally, the subgraph count (SC) is a descriptor re-
Jating to fractionated portion of a molecule, such as a
string of hydrocarbon chains in a PAH. Topological
descriptors are derived from the molecular graphs
of specific chemicals, and weighted according to
chemical composition, bond angles, and dimensional
characteristics.?” Topological descriptors, especially
with planar PAHs, are shown to be significant molec-
ular indices for predicting the biological index of a
chemical class. These descriptors relate to the planar
characteristics (2D) of PAHs, and the orientation
about molecular bonds, highlighting that the planar
nature of PAHs may affect the eventual toxicological
fate of these PAHs in organisms. Finally, Figs. 7
and 8 are useful predictive models based on their
correlation coefficients and their LOF values.

4. DISCUSSION

4.1. Mixtures

Chemicals in mixtures should act by the same
mechanism if the toxicity is to conform to the

additivity assumption.‘*”> Mixture interactions, how-
ever, are often caused by competition between tox-
icants at receptor sites.*’*? As expected, the ma-
jority of our findings displayed nonadditive complex
interactions occurring in mixtures. Table V shows
that the majority of the mixtures exhibited an an-
tagonistic relationship, and few mixtures showed ad-
ditivity. When additivity was seen, it was coupled
with another interaction in a mixture with different
ratios.

Various studies using environmental mixtures
that fall below their toxic thresholds were found to
be synergistically toxic.*” High doses are known to
saturate the metabolic pathways where the chemicals
may compete with each other for biotransformation,
usually at the cytochrome P450 enzyme junction.*?)
In this case, antagonism is the expected relation-
ship between chemicals in the mixture because the
enzymes cannot produce toxic intermediates quickly
enough to demonstrate toxic additivity. One study
conducted by Pohl er al performed a weight-of-
evidence analysis and concluded that the threshold
for competitive inhibition of chemicals and mixtures
may be the single most important factor for result-
ing toxicity.*” In the case of PAHS, since there are
numerous metabolic pathways that can lead to either
toxicity or elimination, it is possible that antagonism
will occur because the elimination pathways are fa-
vored at saturation over the toxic pathways."® Our
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Table VI Modified QSAR Models for Binary Mixtures to Account for the Component Ratios

Activity = 64.131 — X [ (87.402eBIC) + (7.892 » CHI) - (18.131 » CIC) 4 (0.712 » logKow)] components

Chemical

BaP Fraction

Muodified Algorithms for Binary Mixtures:

Acenaphthylene

Anthracene

Benzjalanthracene

Benzo|bjfluoranthene

Benzofe]pyrene

Benzolkjfluoranthene

Chrysene

Fluoranthene

Phenanthrene

Pyrene

7.12-Benz|ajanthracene

3,6-Phenanthrens

9-Anthracene

9.10-Anthracene

0.04

.02

.03

.03

0.03

G.04

(.22

(.04

G.04

(.01

(.01

G.04

(.04

(.01

Activity = 64.131 4 [~(37.4 * 0.04 * BIC) - (7.89 * 0.04 * CHI) -
(18.1 % 0.04 * CIC) + (0.7 % 0.04 * logKoyw)] pap + [~ (87.4 * 0.96 *
BIC) + {7.89 * 0.96 * CHI) - (181 * 0.96 * CIC) + (0.7 * 0.96 *
logKowl acy

Activity = 64.131 + [~ (87.4 * 0.02 * BIC) + (7.89 * 0.02 * CHI) -
(18.1 % 0.02 * CIC) +0.7 * 0.02 * logKow Y nap-+ |- (87.4 % 0.98
BIC) +(7.89 %098 * CHI) - (18.1 * 0.98 * CIC) + (0.7 * (.98 *
logKow)ac

Activity = 64.131 + [~ (87.4 * 0.03 * BIC) + (7.89 % 0.03 * CHI) -
(18.1 % 0.03 * CIC) 4 (0.7 * 0.03 * 1ogK ow)map-+ |- (87.4 * 097 *
BIC) +(7.89 %097 * CHY) - (181 #* 0.97 * CIC) + (0.7 * 0.97 *
logKow)] Baa

Activity = 64.131 + [~ (87.4 * 0.030 * BIC) + (7.89 * 0.030 * CHI} -
(18.1 % 0.030 * CIC) + (0.7 * 0.03008Kow)]gap + [~ (87.4 * 0.97 *
BIC) + (7.89* 0.97 * CHI} - (18.1 * 0.97 * CIC) + (0.7 # 0.97 *
logKow)] sor

Activity = 64.131 + [~ (87,4 0.03 * BIC) + (7.89 * 0.03 * CHI) -
(18.1 % 0.03 * CIC) + (0.7 % 0.03 * logKow ) lnar+ |- (87.4 % 0.97 *
BIC) +(7.89%0.97* CHD - (181 %097 * CIC) + (0.7 * Q.97 *
logKow} rer

Activity = 64.131 + [~ (87.4 ¥ 0.04 * BIC) + (7.89 * 0.04 * CHI) -
(18.1 % 0.04 * CIC) 4 (0.7 * 0.04 * 1ogK ow)map- |- (87.4 * 0.96
BIC) + (7.89 % 0.96 * CHI) - (J8.1 * 0.96 * CIC) + (0.7 * 0.96 *
]OgK(_)V‘JH BkF

Activity = 64.131 + |- (87.4 * 0.22 * BIC) + (7.89 * 0.22 * CHI) -
{181 * 0.22 * CIC) +{0.7 * 0.22 * logKow )} pap+ [~ (874 * 088 *
BIC) + (7.89* 0.88 * CHI} ~ (18.1 * 0.88 * CIC) + (0.7 * 0.88 *
logKow}] cn

Activity = 64.131 + [~ (87,4 * 0.04 % BIC) + (7.89 * 0.04 * CHI) -
(18.1 % 0.04 * CIC) + (0.7 * 0.04 * logKow ) nar+ |- (87.4 % 0.96 *
BIC) +(7.89%096* CHD - (181 %096 * CIC) + (0.7 * Q.96 *
logKaw)] Fia

Activity = 64.131 + [~ (87.4 ¥ 0.04 * BIC) + (7.89 * 0.04 * CHI) -
(181 % 0.04 * CIC) + (0.7 % 0.04 * logKow ) Ipap+ [~ (87.4 % 0.96 *
BIC) + (7.89 % 0.96 * CHI) - (J8.1 * 0.96 * CIC) + (0.7 * 0.96 *
logKow)] phe

Activity = 64.131 + [~ (87.4 * 0.006 * BIC) + {7.89 * 0.006 * CHI) -
(18.1 % 0.006 * CIC) 4 (0.7 * 0.006"logKw ) |gap -+ [~ (87.4 * 0.994
*BIC) + {7.89 7 0.994 * CHI} - (181 * (0.994 * CIC) + (0.7 *
0.594* fogKow)] pyr

Activity = 64.131 + [~ (87.4 * 0.01 * BIC) + (7.89 * 0.01 * CHI) -
(18.1 % 0.01 * CIC) + (0.7 % 0.01 * logKow) lnar+ [~ (87.4 % 0.99 *
BIC) + (7.89 % 0.99 * CHI) - (18.1 * 0.99 * CIC) + (0.7 * 0.99*
logKaw) 712824

Activity = 64.131 + [~ (87.4 ¥ 0.04 * BIC) + (7.89 * 0.04 * CHI) -
(181 % 0.04 * CIC) + (0.7 % 0.04 * logKow ) Ipap+ [~ (87.4 % 0.96 *
BIC) + (7.89 % 0.96 * CHI) - (18,1 * 0.96 * CIC) + (0.7 * 0.96*
logKow)] 26.phe

Activity = 64.131 + |- (87.4 * 0.04 * BIC) + (7.89 * 0.04 * CHI) -
(18.1 % 0.04 * CIC) + (0.7 * 0.04 * logK o) |pap-+ [~ (87.4 * 0.96 *
BIC) + (7.89 % 0.96 * CHI} - (18.1 * 0.96 * CIC) + (0.7 * 0.96*
logKow) o-ac

Activity = 64.131 + [~ (87.4 * 0.01 * BIC) + (7.89 * 0.01 * CHI) -
(18.1 * 0.0 * CIC) + (0.7 * 0.01 * logK e )| pap-+ [~ (87.4 * 0.99 *
BIC) + (7.89 % 0.99 * CHI) - (18.1 * 0.99 * CIC) + (0.7 * 0.99*
logKow) 9.10-ac
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Table ViL. Modified OSAR Models for Reversed Binary Mixtures to Account for the Component Ratios

Activity = 1.209 — 3 [(0.180 « BCFP3) + (0.147 » ECEP4) + (00457 » SC)] components

PAH

Chemical BaP Fraction Fraction

Modified Algorithms for Reversed Binary Mixtures:

Acenaphthylene 0.96 0.04

Anthracene 0.98 0.02

Benz[alanthracene 0.96 0.04

Benzo[bjluoranthene 0.96 0.04

Benzo[elpyrene 0.96 0.04

Benzo[kjfluoranthene 0.98 0.02

Chrysene 0.95

Fluoranthene 0.97 0.03

Phenanthrene 0.96 0.04

Pyrene 0.97 0.03

7,12-Benz{alanthracene 0.96 0.04

3,6-Phenanthrene 0.97 0.03

9-Anthracens 0.95 0.05

9.10-Anthracene .97 (.03

Activity = £.209 + [(0.180 * 0.96 * ECFP3) + (0.147 * 0.96 *
ECFP4) + (0.0457 * 0.96 * SC)] gap + [~(0.180 * 0.04 * ECEP3) +
(0.147 * 0.04 * ECFP4) + (0.0457 * 0.04 * SC)] ey

Activity = 1.209 + [~{0.180 * 0.98 * ECFP3) + (0.147 * 0.98 *
ECFP4) + (0.0457 * 0.98 * SC)| pap + [-(0.180 * 0.02 * ECFP3) +
{0,147 * 0.02 * ECFP4) + (0.0457 * 0.02 * SCH] ac

Activity = 1.209 + [-{0.180 * 0.96 * ECFP3) + (0.147 * 0.96 *
ECFP4) + (0.0457 * 0.96 * SC}] pap + (0180 * 0.04 * ECFP3) +
(0.147 * 0.04 * ECFP4) + (0.0457 * 0.04 * SC) gan

Activity = 1.209 -+ [-(0.180 * 0.96 * ECFP3) + (0.147 * 0.96 *
ECFP4) + (0.0457 * 0.96 * SC)] pap + |-(0.180 * 0.04 * ECFP3) +
(0.147 * 0.04 * ECFP4) + (0.0457 * 0.04 * SC)| por

Activity = £.209 + [(0.180 * 0.96 * ECFP3) + (0.147 * 0.96 *
ECEP4) + (0.0457 * 0.96 * SCY] gap -+ [-(0.180 * 0.04 * ECFP3) +
(0.147 * 0.04 * ECFP4) + (0.0457 * 0.04 * SC)] pep

Activity = 1.209 + [{0.180 * 0.98 * ECFP3) + (0.147 * 0.98 *
ECFP4) + (0.0457 * 0.98 * SC)| pap + [-(0.180 * 0.02 * ECFP3) +
(0.147 * 0.02 * ECFP4) + (0.0457 * 0.02 * SC) nr

Activity = 1.209 + [-(0.180 * 0.95 * ECFP3) + (0.147 * 0.95
ECFP4) + (0.0457 * 0.95 * SC)| pap + [(0.180 * 0.05 * ECFP3) +
(0.147 * 0.05 * ECFP4) + (0.0457 * 0.05 * $C)] cp

Activity = 1.209 - [-(0.180 * 0.97 * ECFP3) + (0.147 * 0.97 *
ECFP4) + (0.0457 * 0.97 * SC)] pap + |-(0.180 * 0.03 * ECFP3) +
(0.147 * 0.03 * ECFP4) + (0.0457 * 0.03 * SC)| pua

Activity = £.209 + [(0.180 * 0.96 * ECFP3) + (0.147 * 0.96 *
ECEP4) + (0.0457 * 0.96 * SCY] gap -+ [-(0.180 * 0.04 * ECFP3) +
(0.147 * 0.04 * ECFP4) + (0.0457 * 0.04 * SC)] phe

Activity = 1.209 + [{0.180 * 0.97 * ECFP3) + (0.147 * 0.97 *
ECFP4) + (0.0457 * 0.97 * SC)| pap + [-(0.180 * 0.03 * ECFP3) +
(0.147 * 0.03 * BCFP4) 4 (0.0457 * 0.03 * SO pye

Activity = 1.209 + [-{0.180 * 0.96 * ECFP3) + (0.147 * 0.96 *
ECFP4) + (0.0457 * 0.96 * SC)| pap + [(0.180 * 0.04 * ECFP3) +
(0.147 * 0.04 * BCFP4) + (0.0457 * 0.04 * SC)] 7. 12.504

Activity = 1.209 -+ [-(0.180 * 0.97 * ECFP3) + (0.147 * 0.97 *
ECFP4) + (0.0457 * 0.97 * SC)] pap + |-(0.180 * 0.03 * ECFP3) +
(0.147 * 0.03 * ECEP4) + (0.0457 * 0.03 * 5C)] 2 6.phe

Activity = £.209 + [(0.180 * 0.95 * ECFP3) + (0.147 * 0.95 *
ECEP4) + (0.0457 * 0.95 * SCY] gap -+ [-(0.180 * 0,05 * ECFP3)} +
(0.147 % 0.05 * FCFP4) + (0.0457 * 0.05 % $C)] g ac

Activity = 1.209 + [{0.180 * 0.97 * ECFP3) + (0.147 * 0.97 *
ECFP4) + (0.0457 * 0.97 * SC)| pap + [-(0.180 * 0.03 * ECFP3) +
(0.147 * 0.03 * BCFP4) + (0.0457 * 0.03 * SCY g 10

mixture analyses observed mostly antagonism, indi-
cating that such favoritism is evident. Further tests
can be performed to confirm the specific mechanisms
of actions, such as inducible enzymes and metabolite
formation, but our current findings provide much in-
formation about possible interactions in PAH mix-
tures.

As mentioned, our experiments revealed an
inhibitory trend where antagonism was observed
in nearly all combinations of mixtures for both
cell viability and genotoxicity. There have been
very few published studies that examined cytotox-
icity because most research is focused on cancer
as the end point. However, cytotoxicity data are
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Fig. 9. A comparison of the expected additive response using the single chemical trial to the actual observed response in the binary mixture
trial with benzfajanthracene and BaP.

Percentage of Viable Cells

Control 1:1 1.2 1.5 116
Concentration Ratio BaP: Acy

Fig. 16. Acenaphthylene displays a synergistic toxicity when compared to the expected additive response. In this mixture, BalP concentra-
tions are held constant, and acenaphthylene varies.

useful because they indicate the first signs that a ple is the benz[a]anthracene viability trial (refer to
cell has endured an insult or injury (inhibition of Fig. 5C) when BaP concentrations were held con-
cell growth/function, loss of membrane integrity, stant in the mixture. Fig. 9 shows a comparison be-
Lactose Dehydrogenase (LDH) leakage, etc.). The tween the expected additive response to the observed
cytotoxicity data were normally distributed and pro- response. The figure shows that they are closely
vided excellent congruent data points between and aligned with each other.

within all doses. The mixture analysis revealed very Some PAHs displayed opposing mixture ef-
few doses that had additive toxicity. One such exam- fects depending on the PAH in the mixture
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Fig. 11. The reverse binary mixture of acenaphthylene shows 2 clear antagonistic response when compared to both the expected additive
response and the response of BaP alone. Ba¥ concentrations vary and acenaphthylene is held constant.

that varicd. Acenaphthylene, benzo[bjfluoranthene,
benzo[k]fluoranthene, chrysene, phenanthrene, 9-
methylanthracene, and 9,10-dimethylanthracene all
showed both antagonism and synergism in binary
mixtures. Acenaphthylene, for example, shows a
clear synergistic response in mixtures where the con-
centration of acenaphthylene gradually increases and
BaP is held at 1 mg/L. Figs. 10 and 11 display the two
mixture trials where synergism and antagonism is ob-
served in each.

The varying mixture effects may be the re-
sult of competition at receptor sites due to
the ability of the component concentrations to
outcompete each other. With the exception of
9,10-dimethylanthracene, all the binary trials showed
synergism and the reversed binary showed antag-
onism. In binary trials, it follows that the PAH
outcompetes BaP at receptor sites because the
concentration is higher. The opposite is true for the
reverse binary trials. This observation may be very
important for elucidating the interactions between
PAHs in complex mixtures. It could indicate that
the varying affinities for the AhR binding site, which
varies among PAHs, is a possible factor for predict-
ing possible mixture interactions because it affects
the rate of the appearance of toxic intermediates.'?
Other studies have observed nonadditive toxicities
and have attributed interactions to competition at
receptor sites.'Y) Mahadevan et al, for example,
observed less than additive mixture toxicity by

(30)

measuring the development of DNA adducts.
Tarantini et al performed several genotoxicity
tests and found that benzo[k]fluoranthene signifi-
cantly inhibited the adduct formation with BaP.!¥
Benzo[bJfluoranthene, however, increased the rate
of DNA adduct formation.'” Staal et al. found
that the majority of the genotloxic response in
mixtures with BaP, BbF, and fluoranthene were
antagonistic, and the carcinogenic potency of PAHs
in mixtures was significantly less than the predicted
additive potency.*® A different study observed
antagonistic responses in human lung cancer cells
(A549), in which the genotoxicity seen in com-
plex mixtures was lower than single BaP and BkF
trials.CD

In agreement with these other studies, our
genotoxicity results showed mainly antagonistic
relationships between BaP and other PAHs. Ad-
ditive responses were seen when the frequency of
MN in the mixture was approximately equivalent to
the sum frequencies of the individual components.
However, toxic addition was always accompanied by
another interaction depending on composition. Since
BaP should always exert a statistically significant
positive effect, any mixtures that yielded negative
results (statistically insignificant from control) were
automatically scored as antagonism. The majority
of the mixture results showed that inhibition was a
common effect, thereby inhibiting the genotoxicity
of the mixture.
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The MN test is time inlensive and requires
expensive fluorescence microscopy to score indi-
vidual cells, which may limit sample size and
scoring confidence. Despite limitations, this study
scored an adequate sample size and furthermore
the results were similar to other published litera-
ture. For example, cPAHs BaP, benz[a]anthracene,
benzo[b]fluoranthene, and chrysene showed positive
results in the MN test. In addition, anthracene,
DMBA, and 9,10-dimethylanthracene were positive
and in agreement with other published work that
tested their genotoxicities.”?” Research on DMBA
has seen much higher potencies than BaP.®? This
compound has a high rate of diol epoxide formation,
but also has a decreased rate of induction of CYP1A1
when compared to BaP.®¥ This means DMBA has
a large potential for genotoxicity, but a concomitant
possibility of reduced toxic action if the metabolizing
enzymes are neither present nor inducible.

PAHs that have not yet been classified as car-
cinogenic were negative and include acenaphthy-
lene, benzo[e]pyrene, fluoranthene, phenanthrene,
and pyrene. Most of these PAHs have animal bioas-
say data that showed no tumor formation in test
organisms (mice, rats, etc.), although there arc a few
exceptions.®¥ Discrepancies in the MN results ex-
ist with benzo[k]fluoranthene. Benzo[k]fluoranthene
has been classified as a probable human carcinogen
given surmounting evidence in animal research.®%
However, the results of our MN test did not show
a statistical increase in MN in single exposures to
benzo[k]fluoranthene. This is likely because of ran-
dom skewed sampling of the dosing groups, which
can be symptomatic of small sample sizes. The sam-
pled cells may not have been representative of the
total cell population. It is likely that the weakly
carcinogenic benzo[k]fluoranthene did not signifi-
cantly induce the formation of MN, indicating that
the assay may not have captured all genotoxic
effects.

The chosen exposure period of 24 hours (with
a single occurrence) could be an influential factor
affecting genotoxicity. Since human exposures are
chronic, many animal studies mimic chronic expo-
sure scenarios but it is often less applicable in vitro.
In vitro research often employs acute scenarios to
examine DNA mutation, which is the first step of
carcinogenesis. Tarantini et al. study performed an in
vitro time-course study with BaP and binary mixtures
with BbF and BkF and noted that the formation of
DNA adducts peaked eight hours after exposure and
plateaued.®® Tarantini et al. also concluded that bi-
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nary mixtures did not affect the overall frequency of
adducts.!'"¥ This may indicate that the chosen chemi-
cal exposure period may influence the rate of adduct
formation, but not necessarily the frequency. An-
other study made an observation with a time-course
study using an exposure period of 120 hours, stat-
ing that complex standard reference material coal tar
mixture (#1597) caused a significant decline in BaP-
DNA adducts when compared to cells exposed only
to BaP.*Y Inhibition was most prominent during the
first 48 hours of the exposure period.®” Given that
our studies utilized a 24-hour exposure period, it fol-
lows that many interactions were inhibitory.

Following BaP exposure, some cells significantly
downregulate proteins that are involved in metas-
tasis and tumor suppression.®¥ For example, one
study found that downregulated proteins were in-
volved with apoptosis, cell structure, metabolism,
and DNA synthesis.®® Proteins involved with cell
proliferation, growth, and differentiation were also
upregulated.®® Thus, cells are inhibited from apop-
tosis and vulnerable to abnormal growth, mutations,
tumorigenesis, and metastasis that would otherwise
be regulated normally. 7

One limitation that was encountered in this
study’s genotoxicity testing was cell death. The
concentrations that were used to score MN were
meant to mimic hazardous contamination at
National Priority List (NPL) sites. Scoring of
benz[a]anthracene, benzo[b]fluoranthene, and 3.6-
dimethylphenanthrene proved difficult because
many cells were shrinking and dying. Cells exposed
to 3,6-dimethylphenanthrene mixtures were often
not scored because of cellular debris and cells lacked
defined cellular and nuclear membranes.

An important factor to consider is the ability of
the K-9 liver cells to express metabolizing enzymes.
Kang et al found that immortalized liver cells
have higher concentrations of the CYP and Phase
IT enzymes necessary to metabolize and detoxify
PAHs, which may contribute to higher proportions
of detoxified PAHs when compared to other cell
lines."” The study also found that the PAH mixtures
were significantly cytotoxic to the cell lines tested,
although the PAH mixtures used to dose the cells
were extracted from dust samples containing other
contaminants like heavy metals.'” As discussed
previously, the AhR, and CYP enzymes have been
implicated as key predictors for the metabolization
and interactions that occur in PAH mixtures. The
additive assumption is not necessarily accurate
for predicting mixture toxicity for human.®>% In
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addition, mixture composition influences the type
of interaction that may occur, which is evident
by wide mixture variability and other studies’
ﬁl’ldil’lgS.(:M’}g)

A common pitfall for estimating PAH toxicity
is the erratic variations of environmental mixtures
and the many possible biotransformation pathways
for PAHs in organisms. Toxicity could result from
receptor competition, impaired cellular uptake, pro-
tein binding, impaired cellular functions, disrupted
intercellular communications, mutations, among
others,(1%%) Binary mixture data are a necessary
first step in elucidating interactions in complex
mixtures. More complex mixtures, such as ternary or
quaternary, can further improve current knowledge
on complex interactions. For example, Tarantini ef al.
saw complex genotoxic responses when comparing
binary and ternary mixtures.!'*) Mammalian studies
have also seen a vast difference in toxicity and
interactions.?” Findings inform paradigms for eval-
yating mixtures and alternative toxicology methods
to improve risk assessment of complex mixtures.

4.2. Quantitative Structure-Activity Relationships

Alternative toxicology is a useful tool for pre-
dicting toxicity of mixtures. QSAR modeling saves
time, money, and experimental materials. Fig. 6 dis-
plays the model that predicts the ECsy of single
PAHs based on the molecular structure of the an-
alytes. The analyte list contained 15 congeners and
produced a strong model with acceptable predictive
power. With a correlation coefficient of about 90%
and a LOF probability of 0.16, meaning the probabil-
ity of accurately predicting the ECsy of PAHs. This
promising model illustrates that QSAR could be a vi-
able tool to bridge the data gaps for PAHs.

Recall that Figs. 7 and 8 show the QSAR
models for the mixtures’ ECsy. These mixture mod-
els also achieved strong correlations between the
mixture ECs; and the molecular structures, particu-
larly the binary mixture model (Fig. 7). Fig. 7 shows
that the binary model closely fits the data, as evi-
denced by a R? value of 0.991 and R? (adj) of 0.984.
These models are novel because they incorporate the
mixture interactions evident in experimental data,
something that has not yet been addressed. Some
researchers have investigated the development of
binary mixtures in QSAR modeling and have found
that some simple alterations in the model equation
may increase the predictive power.”*¥ For example,
in the equations for the binary mixtures, a simple
molar fraction or component ratio needs to be added

into the polynomials to account for the mixture
composition and then the equations are summed
together (as seen in Tables VI and VII). Such mod-
ifications give the model flexibility by weighting the
mixture components and allowing for customization.
The descriptors for each component will then also
apply to the summed model for the mixture. The
algorithms are considerably strengthened when
the mixture interactions and component ratios are
accounted for. While our methods are designed
to apply to simple binary PAH mixtures, they can
be developed for more complex mixfures. This
would save research time, materials, and funds while
continuing to improve the accuracy of human health
risk assessments regarding complex PAH exposures.

Another important factor in the QSAR modelsis
the variation of descriptors for each model. The out-
put revealed that the only intersection among the de-
scriptors was logKow between the single and binary
model. Every other descriptor was different among
all three models, implying that the interactions can-
not be estimated using one approach (i.e., additive
assumption). This further illustrates the strength and
usefulness of QSAR modeling to the prediction of
risk associated with exposures to mixtures.

The wide variability of descriptors suggests that
different molecular characteristics in mixture compo-
nents may have shifting importance on the toxicity of
the whole mixture, which suggests that QSAR mix-
ture models that incorporate interactions are more
robust. The toxicity of a single compound may be al-
tered when a second or third competing compound is
added to the exposure scenario. The varying mixture
effects seen in the cytotoxicity and genotoxicity data
correspond with this inference.

5. CONCLUSIONS

Many studies and agencies are currently revis-
ing the methods for assessing human health risks as-
sociated with PAH exposures. Due to the fact that
humans are chronically exposed to PAH mixtures,
it is important that PAHs be toxicologically charac-
terized. The component-based methods include the
assumptions that PAHs are biotransformed through
similar metabolic pathways, and that toxicity is ad-
ditive in mixtures. It has been observed, both by
other researchers and in this study, however, that
PAHs can exert their effects through a convoluted
array ol metabolic pathways, and that toxic addi-
tion is rare. The mixture-based methods possess their
own set of limitations, including a wide variation
of environmental mixture composition, as well as
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various environmental factors affecting fate, parti-
tioning, and degradation. It follows that there are
many challenges for accurately assessing risks asso-
ciated with PAH exposures.

The main objectives of this research were to
elucidate the types of toxicological interactions
occurring within simple PAH mixtures, and compare
the observed effects to toxic addition. In summation,
our in vitro studies saw minimal toxic additivity
with nonadditive effects dominating most tested
mixtures. The composition of these mixtures and
which component varied influenced the type of
interaction that occurred. This study confirmed that
toxic addition is improbable in simple mixtures
and more complex PAH mixtures are likely to see
nonadditive responses when even more complex
interactions occur between components.

The implications of our findings highlight the
weaknesses of current approaches (o estimating
PAH toxicity. Current methodologies for human
health risk assessments could be improved in various
ways. First, environmental mixtures could be further
studied to understand how the emission source
affects mixture components, and how environmental
matrices cause fluctuations in mixture compositions.
The whole mixtures approach could be strengthened
if toxicological data were available for a wider array
of complex mixtures. Second, toxicological research
could be performed on the vast number of PAH
congeners that are not well known, as well as on
simple mixtures to begin to understand interactions.
Methylated PAHs, for example, have very little
toxicological data available to incorporate into risk
assessments. This study also saw success with the in
vitro MN test, which could aid in focusing animal
carcinogenesis studies on genotoxic chemicals. The
consideration of in vitro research for prioritizing ani-
mal studies will cut down on research costs, material
consumption, and animal lives. Such streamlining
could improve the accuracy of risk estimation for the
development of cancers in humans.

These suggestions can be time consuming and
costly. This is undoubtedly why many data gaps
remain for PAHs. Alternative toxicology can be
most useful under these restrictions, saving time,
funding, and expensive research materials. Develop-
ing QSAR models and improving QSAR software
with newfound PAH mixture data will provide
a cost-effective and timely supply of information
regarding behavior of the entire class of PAHs. Such
information adds to the little known facts about
PAHs and their behavior in a biological system. It is
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possible PAH models can give valuable information
about the mechanisms of biochemical action for
PAHs. Furthermore, PAH QSAR models could
expand the resources for monitoring techniques
and screening, especially with the development of
mixture models. QSAR may be a significant addition
to traditional toxicological research, further focusing
the experiments needed, and reducing the time and
costs associated with this research, as well as bridging
the data gaps for risk assessments.

6. FUTURE WORK

Future research will continue to characterize in-
teractions of PAHs using ternary PAH mixtures of
the same 15 chemical congeners used in this study.
Furthermore, complex QSAR mixture analyses will
be conducted that controls the selection of descrip-
tors. The goal of future research is joint analyses that
produce robust, interwoven QSAR models that in-
corporate the activity of PAH congeners and their
observed behaviors in mixtures.
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